Background and aims Sorghum is the second most cultivated crop in Africa and is a staple food source in many African communities. Exploiting the associated plant growth-promoting bacteria (PGPB) has potential as an agricultural biotechnology strategy to enhance sorghum growth, yield and nutritional properties. Therefore this study aimed to evaluate factors that shape bacterial communities associated with sorghum farmed in South Africa, and to detect bacteria consistently associated with sorghum which may impart PGP activities. Methods Terminal-Restriction Fragment Length Polymorphism (T-RFLP) was used to assess factors that potentially shape rhizospheric (rhizosphere and rhizoplane) and endophytic (root, shoot, stem) bacterial communities associated with South African sorghum, and together with Denaturing Gradient Gel Electrophoresis (DGGE) to identify consistently sorghumassociated bacterial taxa. Results The sorghum rhizospheric communities were less variable than the endophytic ones. Geographical location was the main driver in describing bacterial community assemblages found in rhizospheric sorghum-linked niches, with total NO 3 -N, NH 4 -N, nitrogen, carbon, pH and, to a lesser extent, clay content identified as the main abiotic factors shaping sorghum-associated soil communities. Endophytic communities presented rather stochastic assemblages, with pH being the main variable explaining their structures. Despite community variations, specific bacterial taxa were consistently detected in sorghumcreated rhizospheric and endophytic environments, irrespective of environmental factor effects. Conclusions Soil structure and composition, which are influenced by agricultural practices, played major roles in shaping sorghum-associated edaphic bacterial communities. In contrast, endophytic bacterial Plant Soil (2013) 372:265-278 
Introduction
The use of natural or genetically modified bacteria to enhance plant productivity has been widely considered (e.g. Berg 2009; Compant et al. 2005; Hafeez et al. 2006; Schenk et al. 2012) , particularly the use of plant-associated bacteria as such species have evolved a structured and intimate relationship with the plant host (Berg 2009; Compant et al. 2005; Schenk et al. 2012) . Such bacteria are typically present in the "plant-created" rhizospheric and endophytic environments. The rhizospheric environment is the soil surrounding and influenced by plant roots (Morgan and White 2005) , and is created by the release of nutrientand carbon-rich root exudates, making it a "hot-spot" for microbial growth (Hartmann et al. 2009; Morgan and White 2005) . Endophytic environments correspond to micro-environments localized inside plant organs and tissues (Saito et al. 2007 ).
In such environments, bacteria have been shown to have neutral, detrimental or beneficial effects on plants (for reviews, see Berg 2009; Schenk et al. 2012) . Beneficial plant-associated bacteria, or plant-growth promoting bacteria (PGPB), act as biocontrol agents by inhibiting growth and colonization of phytopathogenic organisms (generally through the production of siderophores or antibiotics) and/or as biofertilizers by producing phytohormones and/or improving the plants' nutritional status (by contributing to its nitrogen fixation process for example) (Bai et al. 2002; Berg 2009; Lugtenberg et al. 1991; Panchal and Ingle 2011) . PGPBs are therefore attractive vehicles for enhancing plant productivity since they are considered as natural, cheap and environmentally friendly fertilizers (Schenk et al. 2012) . It can indeed be assumed that such plant-selected (or plant-adapted) PGPBs are already playing an active role in the crop's health and growth, thereby having a mutualistic, symbiotic and/or commensalistic relationship with its' plant-host. Once identified, such PGPB(s) could subsequently be engineered in order to present as much plant growthpromoting activities as desired, and/or be used directly as biofertilizers.
Sorghum (Sorghum bicolor L.) is the world's fifth most cultivated cereal crop after wheat, rice, maize and barley, with a global production of 60 million tons (Dicko et al. 2006) , and is the second most cultivated cereal grain in Africa after maize (Taylor 2003) . It is a critically important food crop, as it is estimated that in Africa and Asia over 300 million people rely on this crop as an essential source of energy (Dicko et al. 2006 ) Agriculture remains the backbone of Africa's economy, where 70 % of Africans' income is reliant on agricultural products (FAO/WFP 2010) . Due to the severe famine experienced in this continent, there is a demand for increased sorghum production to meet the continents' needs (FAO 1995) . The identification of bacteria consistently associated with sorghum, i.e. independently of any abiotic factor, agricultural practice or geographical location, would constitute the first step in developing a biotechnological and agricultural strategy to enhance sorghum growth, yield and nutritional properties.
Based on culture-dependent studies, various sorghumassociated bacteria have been isolated and identified (Budi et al. 1999; Pedersen et al. 1978; Zinniel et al. 2002) , some of which have exhibited PGP activities such as nitrogen-fixation (members of the Enterobacteriaceae related to Klebsiella pneumoniae, Enterobacter cloacae or Erwinia herbicola; Pedersen et al. 1978 ) and the capacity for biocontrol (Paenibacillus sp. strain B2 and Pseudomonas spp.; Budi et al. 1999; Funnel-Harris et al. 2013) . Moreover, in sorghum rhizospheres, microbial nifH gene sequences (which are indicative of bacterial nitrogen fixation and can be used as phylogenetic markers) of Azohydromonas spp., Ideonella sp., Rhizobium etli, Bradyrhizobium sp. Delftia tsuruhatensi, Methylocystis sp. and Paenibacillus have been detected (Coelho et al. 2008 (Coelho et al. , 2009 ), indicating that a diverse sorghum-associated diazotrophic microbial community provides bioavailable N to the plant. In this study, molecular fingerprinting methods (DGGE and T-RFLP) were used to expand the known range of sorghum-associated bacterial taxa, to correlate sorghum-associated bacterial assemblages with abiotic factors and to assess the presence of bacteria consistently (or obligately) recruited by sorghum plants. Such taxa would be valid targets for future biofertilizer development. Moreover, once identified by culture independent techniques, strategies to isolate these specific bacterial taxa can be designed (Tyson et al. 2005 ).
Materials and methods

Study site and sampling procedures
Two mature and healthy sweet sorghum plants (Sorghum bicolor (L) Moench; at approx. 100 m spacing) were harvested in three farms from three different South African provinces: Free State (Plant 1: S27°02. 9 7 5 ′ / E 0 2 7°3 1 . 4 0 5 ′ ; P l a n t 2 : S 2 7°0 3 . 6 6 5 ′ / E027°31.780′), North West (Plant 1: S26°43.741′/ E027°04.870′; Plant 2: S26°44.063′/E027°04.721′), and Limpopo (Plant 1: S24°38.620′/E029°52.484′; Plant 2: S24°39.375′/E029°53.593′) ( Table 1 ). In the three farms, water supply was primarily through rainfall, with supplementary irrigation when rainfall levels were low. The North West academic farm of the ARC (Agricultural Research Council) and the Free State commercial farm (i.e. where sorghum is cultivated for commercial purposes) used modern agricultural fertilization procedures when compared to the Limpopo small household farm which used cow faeces as fertilizer. In the North West farm, a slow-releasing fertiliser containing Zinc and 32 % of a mixture of nitrogen (N), phosphorus (P) and potassium (K) in a 3:2:1 ratio was applied at a rate of 150 kg N/ha. The insecticide Combat® was applied for control of stem-borers (~4 kg/ha). Similarly, the Free State farm applied ammonium sulfate at the rate of 150 kg/ha with 28 % of zinc sulfate (an herbicide).
For each plant, samples of root, shoot and stem tissues were aseptically excised and stored in sterile plastic bags. Rhizosphere soils were collected by unearthing individual plants and dislodging soil particles associated with the root structures and corresponded to a cohesive layer of 3 to 5 mm. Rhizoplane soils corresponded to the soil particles remaining strongly attached (~1 mm in thickness) to the sorghum root and were collected with the root tissue samples. Open soil (control) samples, from a similar depth (0 to 5 cm) but not impacted by plant root systems, were collected at each site. All samples were kept on ice and transported to the University of the Western Cape (UWC, South Africa) where they were stored at −80°C prior to processing.
Soil characterization
The pH, total carbon (C), nitrogen (N), ammonium (NH 4 -N), nitrate (NO 3 -N) and phosphorous (P) contents of soil samples, and their structure (% silt, clay, fine sand, medium sand and coarse sand) were analyzed by Bemlab (Pty) Ltd (Strand, Western Cape, South Africa) (Table 1) .
Briefly, the soil was air dried and sieved through a 2 mm sieve. Soil pH was measured in 1 M KCl with a soil/solution ratio of 1:2. Total C and N contents were determined through total combustion using a Leco Truspec® CN analyzer. Total NH 4 -N and NO 3 -N were extracted with 1 N KCl, and their concentrations were determined calorimetrically on a SEAL AutoAnalyzer 3. Total P was extracted with a 1:1 solution of 1 N nitric acid and hydrochloric acid at 80°C for 30 min and its concentration in the extract was determined with a Varian ICP-OES optical emission spectrometer. For soil structure analysis, chemical dispersion was performed using sodium hexametaphosphate, and the three sand fractions were determined by sieving as described in the Non-Affiliated Soil Analysis Work Committee (1990) . Silt and clay contents were assessed using sedimentation rates at 20°C, using an ASTM E100 (152H-TP) hydrometer.
Plant tissue sterilization
Plant tissues (roots, shoots, stems) were surface sterilized using a modification of the protocol described by Mendes et al. (2007) . Each tissue sample was washed five times with sterile distilled water to remove attached soil particles, and placed in 400 mL of 1X PBS buffer and incubated with shaking at room temperature for 2 h. Samples were then sequentially washed by shaking in (i) a 70 % ethanol solution for 10 min, (ii) a 2 % (v/v) sodium perchlorate solution for 10 min, (iii) a 70 % ethanol solution for 5 min and (iv) rinsed three times with autoclaved distilled water for 1 min. To evaluate the efficiency of the sterilization procedure, 100 μL volumes of the final dH 2 O rinse were plated on TSA and R2A agar (Merck, Germany), supplemented with the fungicide actidione (100 mg.mL −1 ) and incubated at 28°C for 4 days.
The plant tissues were stored in the last dH 2 O rinse at 4°C during these 4 days. Where no colony growth was observed, the sterilization procedure was considered to be sufficient. Where colonies were observed, the complete sterilization process was repeated. Once sterilized, the tissue samples were stored at 4°C for subsequent molecular analysis. In order to ensure the exclusive study of endophytic bacterial communities, the surface tissue of the stems and shoots were removed using sterile surgical blades. This procedure was not possible for the thinner roots.
Soil and plant organ metagenomic DNA extraction Total metagenomic DNA was extracted from 0.5 g soil samples with the Powersoil DNA isolation kit according to the manufacturer's instructions (MoBio laboratories, USA). DNA extractions from sorghum tissue samples were performed using a modified version of the method described by Murray and Thompson (1980) . Plant tissues were ground to powder form in liquid nitrogen using sterilized mortars and pestles. A pre-heated solution of 700 μL of 2 % CTAB and 1 μL of β-mercaptoethanol was added to each tissue powder sample, vortexed at maximum speed for 20 s and incubated at 65°C for 60 min. A chloroform/isoamyl alcohol (24:1 v/v) solution (600 μL) was added, mixed by inversion for 5 min and centrifuged (12,000 rpm, 5 min). The supernatant was collected and an equal amount of icecold isopropanol was added with RNase A (10 mg.mL
final concentration). The mixtures were incubated at room temperature for 20 min and centrifuged at 12,000 rpm for 5 min. The DNA pellets were washed twice with 250 μL of 70 % ethanol and centrifuged at 12,000 rpm for 5 min prior to drying in a laminar flow cabinet. The DNA was resuspended in 50 μL of 1X TE buffer and stored at 4°C. Metagenomic DNA concentrations were measured with a NanoDrop spectrophotometer (NanoDrop Technologies, Montchanin, DE, USA).
PCR amplification, purification and restriction digestion
All polymerase chain reactions (PCRs) were carried out in a Bio-Rad Thermocycler (T100™ Thermal Cycler). Bacterial 16S rRNA encoding genes were amplified using the universal primers E9F (5′-GAGTTTGATCCTGGCTCAG-3′) and U1510R (5′-GGTTACCTTGTTACGACTT-3′) (Marchesi et al. 1998; Reysenbach and Pace 1995) . This primer set was specifically chosen as it would not amplify Sorghum bicolor chloroplast DNA [Genbank accession number: NC_008602.1]. PCR was carried out in 50 μl reaction volumes. Each reaction contained 1X PCR buffer, 0.2 U DreamTaq™ polymerase (Fermentas, USA), 200 μM of each dNTP, 0.5 μM of each primer, 0.1 % BSA and between 10 and 20 ng of metagenomic DNA. PCR amplification was carried out as follows: 4 min at 94°C for denaturation; 30 cycles of 30 s at 94°C, 30 s annealing at 52°C and 105 s at 72°C; and a final elongation step of 10 min at 72°C. To perform T-RFLP, the E9F primer was 5′-end FAM-labelled and the PCR products were purified using the GFX™ PCR DNA and gel band purification kit as directed by the supplier (GE Healthcare, UK). Purified PCR products (200 ng) were digested with the restriction enzyme HaeIII at 37°C overnight.
For DGGE, a nested-PCR was performed with the same 50 μL reaction mixture described above, using the primer set 341f-GC (5′-CCTACGGGAGGCA GCAG-3′)/534r (5′-ATTACCGCGGCTGCTG-3′) (Muyzer et al. 1993) , 1 μL of the amplicon obtained with the primer set E9F/U1510R as template DNA and as follows: 94°C for 4 min; 20 cycles -94°C for 45 s; 65°C for 45 s; 72°C for 60 s; additional 20 cycles -94°C for 30 s; 55°C for 30 s; 72°C for 60 s; and a final elongation step at 72°C for 10 min. A 40mer GC clamp was added to the 5′ ends of the forward primers 341f-GC: GC clamp -CGCCCGCCGCGCGCGGCG GGCGGGGCGGGGGCACGGGGGG.
T-RFLP analysis
Bacterial community structures were assessed by T-RFLP fingerprinting using the 16S rRNA gene as a marker. The precise lengths of the T-RFs were determined by capillary electrophoresis using the Applied Biosystems DNA Sequencer 3130 (Applied Biosystems, Foster City, California, USA) and according to the molecular weight standard Rox1.1 (with an acceptable error of ±1 bp). T-RFLP patterns and quality were analyzed using the freeware PeakScanner™ (version 1.0) (Applied Biosystems, https://products.appliedbiosystems.com). Peak height was used to characterize each unique T-RF, and valid T-RF peaks (between 35 and 1,000 bp) from triplicate T-RFLP profiles were identified, compiled and aligned to produce large data matrices using the online software T-REX (http://trex.biohpc.org/; Culman et al. 2009 ). T-RFs with intensities lower than 0.5 %, which may have originated from background interference, were excluded from the matrices. The term OTU (Operational Taxonomic Unit) is used to refer to individual terminal restriction fragments (T-RF) in T-RFLP patterns, with recognition that each OTU may comprise more than one distinct bacterial ribotype (Nocker et al. 2007 ). The web-based tool MiCA (Microbial Community Analysis; Shyu et al. 2007) , with the "RDP (R10,U27) 700,829 Good Quality (>1200) Bacterial" database, was used for the in silico affiliation of T-RFs. A±3 bp size margin was implemented to take into account potential differences between real and predicted T-RFs (Sercu et al. 2011 ).
DGGE analysis
PCR amplicons obtained with the nested primer sets (341f-GC/534r) were analyzed by DGGE as described previously (Rodriguez-Caballero et al. 2012 ). Selected DGGE bands, i.e. which migrated at the same distance on the DGGE gels, were excised using sterile surgical blades and eluted in 50 μL of filter-sterilized water at 4°C overnight. One microlitre of the supernatant was then analyzed again by PCR and DGGE to eliminate any residual contamination by 'parasite' bands. The remaining PCR products (~25 μL) were purified using the GFX™ PCR DNA and gel band purification kit as directed by the supplier (GE Healthcare, UK). The purified PCR products from DGGE bands were sequenced with a Hitachi 3730xl DNA Analyzer (Applied Biosystems).
Statistical analysis
The community structures obtained by T-RFLP were analyzed by ordination using non-metric multidimensional scaling (nMDS) of Bray-Curtis similarity matrices of square-root transformed data with the software Primer 6 (Primer-E Ltd, UK). In nMDS plots, the distance between points reflects the degree of similarity between the microbial community profiles in the samples. An analysis of similarity (ANOSIM), performed on the resemblance matrix, was used to test for differences in bacterial community structure between predefined groups (Clarke 1993) . BEST (Biota Environment STepwise matching; Clarke and Gorley 2006) analysis was performed to determine correlations between the soil and endophytic bacterial T-RFLP profiles and normalised abiotic variables (presented in Table 1 ) (Carson et al. 2007 ). The rhizosphere data were used to perform BEST analysis on the endophytic communities, as the latter (and notably the root endophytic communities) are generally considered to be a subset of the rhizospheric communities (Cocking 2003) . BEST determines the rank correlation between the underlying similarity matrices for bacterial community data and environmental variables using the Spearman coefficient (ρ). As ρ increases, the correlation between the bacterial community data and environmental variables increases from no correlation (0) to complete correlation (1).
Phylogenetic analysis
Unrooted phylogenetic trees were constructed with MEGA5 (Tamura et al. 2011 ) using the Maximum Parsimony (MP) method. The bootstrap consensus tree inferred from 1,000 replicates is taken to represent the evolutionary history of the taxa analyzed (Felsenstein 1985) . The MP tree was obtained using the Subtree-Pruning-Regrafting (SPR) algorithm (Nei and Kumar 2000) with search level 1 in which the initial trees were obtained by the random addition of sequences (10 replicates). Sequences obtained in this study were deposited in the NCBI GenBank database under accession numbers KC570917-KC570934.
Results
Factors shaping sorghum-associated bacterial communities
The clustering of the samples in the 3D-MDS plot presented in Fig. 1 clearly demonstrates that there are significant differences (ANOSIM, Global R=0.437, P<0.001) between the soil (rhizosphere, rhizoplane and open soil) and the endophytic (root, shoot and stem) communities. Notably, rhizosphere and rhizoplane communities presented higher bacterial species richness (~60 OTUs) than the endophytic communities (ranging from 4 to 37 OTUs) (Fig. 2) . These results also indicated that the sterilization procedure removed the rhizospheric community from the sorghum root tissues. Moreover, soil communities are more clustered (indicated by triangles) compared with the endophytic ones (indicated by squares) which display greater scattering and hence community variation (Fig. 1) .
Depending on the province, the open and rhizospheric soil characteristics varied, with notably lower pH values in Free State soils, elevated total C, P and NO 3 -N concentrations in North West soils and low total C and total N in Limpopo soils (Table 1) . Apart from the rhizosphere communities of the Free State plant 2, a clear clustering of the soil (open, rhizosphere and rhizoplane) bacterial communities is observed in the nMDS plot presented in Fig. 3a based on their geographical origin (ANOSIM, Global R=0.5, P=0.022), and not on their soil type (i.e. open soil, rhizosphere or rhizoplane; ANOSIM, Global R=−0.083, P=0.649). Multiple rank correlations (BEST analysis) of the abiotic factors (Table 1 ) and soil community diversity (measured by T-RFLP) demonstrated that NO 3 -N (ρ=0.381), pH (ρ=0.328) and clay content (ρ=0.270) were the principal individual abiotic factors defining the different soil community structures, and that the best combination of edaphic variables included pH, NO 3 -N, NH 4 -N,% N and % C (ρ=0.381). The nMDS representation explaining (dis)similarities in South African sorghum endophytic communities was ambiguous, with no clear clustering of the communities as a function of plant tissue type or on the geographical origin (Fig. 3b) . One-way ANOSIM analysis confirmed that the sorghum endophytic communities were not plant-tissue specific (Global R=0.109; P>0.05) and that the province of origin was not a significant factor (Global R=0.241; P=0.029) ( 
Identification of consistently sorghum-associated bacteria
Using T-RFLP, no consistently sorghum-associated endophytic bacteria were detected (Fig. 2a) . In contrast, definite OTUs were constantly observed in its rhizosphere and rhizoplane, i.e. independent of any of the environment-associated factors (Fig. 2b) . Thirty nine OTUs were observed in the sorghum rhizosphere from the three provinces sampled (Fig. 2b) , 12 of which (with respective sizes of 35, 71, 76, 77, 120, 123, 192, 211, 227, 280, 290 and 374 bp; data not shown) were consistently detected in the rhizospheres of the plants sampled. Similarly, 24 OTUs were identified in the sorghum rhizoplane of samples from the three provinces (Fig. 2b) , with 4 (with sizes of 71, 192, 195 and 211 bp; data not shown) observed in all the rhizoplane samples. Amongst these 13 OTUs, three (71, 192 and 211 bp), were repeatedly detected in both the rhizosphere and rhizoplane of sorghum. Predictive phylogenetic affiliations (by in silico identification) matched the 71 bp OTU mainly to Acetobacter and Azospirillum species, the 195 bp OTU to α-Proteobacteria (mostly to Bradyrhizobium species) and the 290 bp OTU essentially to cultured and uncultured cyanobacteria and notably Synechococcus species. In contrast, the 35, 76, 77, 120, 123, 192, 211, 227, 280 and 374 bp OTUs could not be related to a single class or phylum.
To identify bacterial taxa which were ubiquitously associated with sorghum, DGGE coupled with postelectrophoretic phylogenetic analysis was also used (Fig. 4, Table 2 ). Since endophytic microbial communities are typically characterized by a low taxonomic diversity (Gottel et al. 2011; Fig. 2) , and since DGGE is less sensitive than T-RFLP (Nocker et al. 2007 ), the PCR products from similar plant-tissue samples were pooled prior to loading on DGGE gels (Fig. 4) . The composite endophytic bacterial community fingerprints from each province for each plant-tissue type is presented in Fig. 4a , b and c, while rhizospheric and rhizoplanic fingerprints for each plant sampled are shown in Fig. 4d and e.
Except in the stem samples, co-migrating DGGEbands (i.e. which migrated at the same distance on the DGGE gels, and indicated by arrows in Fig. 4) were observed in all the sorghum-associated microenvironments studied and were sequenced (Fig. 5 , Table 2 ). The bands A1, A2 and A3 detected in sorghum root metagenomic DNA (Fig. 4a) were related to bacterial sequences (Fig. 5a ) and showed high sequence identities (100 %) with numerous Arrows and their associate reference indicate the co-migrated DGGE-bands sequenced and presented in Table 2 ). The sorghum shoot sample B1, B2 and B3 bands (Fig. 4b) were closely related to Pantoea species with 96 % to 100 % sequence identity (Fig. 5b , Table 2 ). The co-migrating bands observed in the rhizospheric metagenomic DNA samples presented high sequence homology to different taxonomic groups (bands C1 to C6, Figs. 4d and 5c, Table 2 ), a disadvantage associated with DGGE where different phylotypes may possess similar electrophoretic mobilities (Nocker et al. 2007 ). Finally, the rhizoplanic bands D1 to D6 possessed high sequence identities (99 % to 100 %) with Bacillus megaterium strains (Figs. 4e and 5d, Table 2 ).
Discussion
Plant-associated microbial communities are suitable targets to improve the production yields of food crops such as sorghum as, in such communities, PGPB members already play key roles in the plants' health and growth (Berg 2009 ). This has particular significance in prone-to-food-shortage countries because a Only bootstrap values ≥40 % are shown. There were a total of 133, 120, 117 and 132 positions in the final data sets, respectively The numbers in parentheses correspond to the number of based used to calculate the levels of sequence identity strategy employing beneficial plant-associated bacteria represents a natural, inexpensive and environmentally friendly solution to fertilization (Schenk et al. 2012) . The requirement of such PGPB-biofertilizer(s) would be for the target organism to be consistently present in the target plant's endophytic and/or rhizospheric environments, i.e. independently of any (a)biotic factor. This indeed indicates that such taxa are plant-selected and/or pre-adapted to thrive in such environments.
As for many other plants (Gottel et al. 2011; Hartmann et al. 2009; Roesch et al. 2008; Rosenblueth and Martinez-Romero 2006; Seghers et al. 2004) , sweet sorghum (Sorghum bicolor (L) Moench) farmed in South Africa was found to contain higher prokaryote diversities in its rhizospheric environments (rhizosphere and rhizoplane) than in its endophytic ones (root, shoot, stem) . Despite the fact that this represents the different nutrient availabilities due to the release of carbon-and nutrient-rich compounds by the plants into the surrounding soil which fosters more microbial productivity (Morgan and White 2005) , it is suggested that endophytic diversities may often be underestimated in metagenomic studies as the co-extracted plant DNA represents the majority of the total extracted DNA.
As previously shown in other different environments (for review, see Martiny et al. 2006) , strong correlations between sorghum-associated bacterial community assemblages and geographical origin were observed for the rhizospheric samples. This indicated that soil structure and composition (affected by agricultural practices), play a more significant role in determining the sorghum-associated rhizospheric microbial communities than the sorghum plant itself (Hinsinger et al. 2009 ). Differences in agricultural practices (as in this study) have been shown to have an effect on the physical and the chemical compositions of the soil, as well as on soil microbial community structures (Girvan et al. 2003) . Similarly, soil structure is, with pH, one of the main parameters influencing soil microbial communities (Carson et al. 2007; Lauber et al. 2009 ). The edaphic variables defining the South African sorghum rhizospheric communities were essentially related to the N-cycle (NO 3 -N, NH 4 -N and % N) and pH (Fierer and Jackson 2005; Lauber et al. 2009 ). Based on these observations, and since one of the major roles of PGPBs is the facilitation of plant N-uptake (Berg 2009) , it is hypothesized that the soil N-status may influence the N-fixing capacities and/or the compositions of different plant-associated rhizosphere microbial communities.
In contrast, the sorghum endophytic community structures were highly variable, i.e. neither tissuenor region-specific. The rhizosphere and endosphere bacterial communities of Populus deltoides studied by 454 pyrosequencing also presented a similar observation (Gottel et al. 2011 ). This suggests that sorghum endophytic communities are generally constituted by opportunistic endophytes (Hardoim et al. 2008) and that the bacterial colonization of sorghum internal tissues is a stochastic rather than a deterministic process. Nevertheless, the consistent detection of specific bacterial taxa in sorghum root (cyanobacteria) and shoot (Pantoea sp.) indicates that a minority of sorghum endophytes could be specifically recruited. Such endophytes are expected to possess essential colonization traits to be competent endophytes and a fortiori PGPBs (e.g. motility, chemotaxis, capacities to communicate with the plant and to produce cell-wall degrading enzymes) (Hardoim et al. 2008) . The persistent detection in sorghum roots of cyanobacteria related to the motile and N-fixing Synechococcus sp. supports this view. A symbiotic relationship between Synechococcus sp. and S. bicolor can indeed be hypothesized, with the plant providing shelter to the cyanobyont which in return conveys fixed nitrogen to its host. This hypothesis is validated by the fact that Synechococcus sp. was detected in both the rhizosphere and the root of sorghum. Indeed, for successful endosymbiosis, specific chemical signals must be released (generally in the rhizosphere) by the plant host (S. bicolor) to attract its future endosymbyont (Synechococcus sp.) (Adams and Duggan 2012) . This also suggested that sorghum roots do constitute entries for endophytic bacterial colonization (Cocking 2003) . However, this remains a speculative hypothesis of the role of the cyanobacterial endophyte identified in this study, and further research is required to validate this relationship.
Despite the fact that geographical location and soil chemistry significantly impacts the structuring of sorghum rhizosphere communities (as previously discussed), such chemical signaling could also explain why sorghum-associated rhizospheric communities are less variable and with more reliably detected OTUs than that of sorghum endosphere. This could indeed suggest that sorghum plants partly 'control' the composition of their rhizosphere communities via deterministic recruitment processes (Gottel et al. 2011) .
The two different methods (T-RFLP and DGGE) used in this study were not corroborative in the identification of persistent bacterial taxa. Only cyanobacteria (Synechococcus sp.) were detected by DGGE and T-RFLP (in the roots and the rhizosphere, respectively), but not in the same niche. These results confirm that a synergistic approach is important in microbial ecology studies (van Felten et al. 2011) since it is recognized that there are inherent (dis)advantages of all molecular fingerprinting tools: T-RFLP is highly sensitive but one T-RF may comprise more than one distinct bacterial ribotype (as indicated by the fact that 10/13 consistently detected T-RFs could not even be assigned to a single class or phylum) and DGGE is limited by the resolution of the gel but DGGE-bands of interest may (as in this study) be sequenced and identified (Blackwood et al. 2007; Nocker et al. 2007 ). This also raises the possibility of other persistent bacterial taxa that were not detected in this study, and a pyrosequencing approach is currently underway to identify other organisms at a much higher resolution.
The consistently detected sorghum-associated rhizospheric and endophytic (cyano)bacterial taxa (Acetobacter sp., Azospirillum sp., Bradyrhizobium sp., Pantoea sp., Bacillus sp. and Synechococcus sp.) represent members with known PGP capacities, particularly their N-fixation capacity (Franche et al. 2009; Kevin Vessey 2003; Loiret et al. 2004; TerakadoTonooka et al. 2008) . Notably the diazotrophic Azospirillum sp. and Bradyrhizobium sp. have already been found to be associated with sorghum (Franche et al. 2009; Coelho et al. 2008 ). Rout and Chrzanowski (2009) also reported the presence of an endophytic diazotrophe community in other members of the Sorghum genus (S. halepense). Sorghum has important Nuptake capacities, particularly in N-starved conditions when compared to maize, and the mechanisms involved in conferring this physiological trait remain unknown (Hirel et al. 2007 ). The role of the PGPB symbiosis in providing bioavailable N to plants being well documented (e.g. Kevin Vessey 2003; Berg 2009; Franche et al. 2009 ), together with the identification of consistently sorghum-associated bacteria taxa displaying potential N-fixation capabilities could therefore suggest a mechanism which contributes to sorghum's elevated N-uptake capacity: the consistent recruitment of specific endophytic and rhizospheric PGPBs with N-fixing capacities.
Finally, identifying Bacillus sp. (B. megaterium) as a consistent sorghum rhizoplanic community member is of agronomical importance, as (i) members of this genus have shown numerous PGP activities (N-fixation, metabolite and phytohormone production, improvement of root performances; Bai et al. 2002; Lugtenberg et al. 1991; Saharan and Nehra 2011) , and (ii) transformation protocols and genetic tools for this genus have been established (e.g. Nijland et al. 2010) , and would therefore be an ideal target for the engineering of PGP properties.
Conclusion
In this study, differences in bacterial community structures in micro-environments (rhizoplane/ rhizosphere/root/shoot/stem) associated with sorghum farmed in different South African provinces (Limpopo, North West and Free State) were observed, with the endophytic communities being more variable than rhizospheric ones. Geographical location (here encompassing, agricultural practices) and soil characteristics (soil pH, and to a lesser extent clay content) were the main determining factors in shaping sorghum rhizosphere communities. In contrast, no clear factor could explain the sorghum endophytic community structures. It was concluded that sorghum endosphere was essentially colonized by opportunistic bacteria as a result of stochastic bacterial assemblages. Nevertheless, the detection of consistently sorghum-associated bacteria both in rhizospheric and endophytic environments was indicative of a deterministic mode of recruitment. Future work including pyrosequencing of a larger sampling set (i.e. more sorghum plants) and in-depth rhizospheric soil chemistry to unveil potential sorghum-released chemotaxic compounds are suggested to further understand the recruitment of sorghum-associated communities. The identification of (cyano)bacterial taxa (Acetobacter sp., Azospirillum sp., Bradyrhizobium sp., Pantoea sp., Bacillus sp. and Synechococcus sp.) reliably associated with sorghum in South Africa is significant as it lays the groundwork for their future isolation, characterization and application. They could be directly used as bio-inoculants, and possibly engineered with enhanced PGP activities to introduce various crop improvements. For example, antibiotic production capacities targeting sorghum-pathogens such as Fusarium sp. could be valuable objectives. With a worldwide annual growth rate of 10 % in the "microbial inoculant" market (Berg 2009 ), the sorghum-specific microorganisms identified in this study have significant potential in agricultural biotechnology as crop improvement tools.
